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A-kinase-anchoring proteins (AKAP) help regulate the intracellular organization of cyclic AMP-dependent kinase (PKA) and actin within
somatic cells. Elevated levels of cAMP also help maintain meiotic arrest in immature oocytes, with AKAPs implicated as critical mediators
but poorly understood during this process. Here we test the hypothesis that the AKAP WAVE1 is required during mammalian fertilization,
and identify a nuclear localization of WAVE1 that is independent of actin and actin-related proteins (Arp). Immunofluorescence and
immunoprecipitation experiments show a redistribution of WAVE1 from the cortex in germinal vesicle (GV) oocytes to cytoplasmic foci in
oocytes arrested in second meiosis (Met II). Following sperm entry, WAVE1 relocalizes to the developing male and female pronuclei.
Association of WAVE1 with a regulatory subunit of PKA is detected in both Met II oocytes and pronucleate zygotes, but interaction with Arp
2/3 is observed only in Met II oocytes. WAVE1 redistributes to the cytoplasm upon nuclear envelope breakdown at mitosis, and concentrates
at the cleavage furrow during embryonic cell division. Blocking nuclear pore formation with microinjected wheat germ agglutinin does not
inhibit the nuclear localization of WAVE1, suggesting that this event precedes nuclear envelope formation. Neither depolymerization nor
stabilization of actin affects WAVE1 distribution. Microtubule stabilization with Taxol, however, redistributes WAVE1 to the centrosome, and
anti-WAVE1 antibodies prevent both the nuclear distribution of WAVE1 and the migration and apposition of pronuclei. These findings show
that WAVE1 sequestration to the nucleus is required during fertilization, and is an actin-independent event that relies on dynamic
microtubules but not nuclear pores.
D 2004 Published by Elsevier Inc.
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Maintenance of meiotic arrest in the mammalian oocyte
is mediated by second messenger cyclic AMP and cAMP-
dependent protein kinase (PKA; Bornslaeger et al., 1986).0012-1606/$ - see front matter D 2004 Published by Elsevier Inc.
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E-mail address: gschatten@pdc.magee.edu (G. Schatten).High levels of cAMP within the ooplasm prevent the
activation of maturation promoting factor (MPF) and MAP
kinases, and inhibit the resumption of meiosis (Lazar et al.,
2002). Upon fertilization, the levels of cAMP decrease and
the different PKA isoenzymes are targeted to various
locations within the zygote. PKA consists of one regulatory
(R) subunit dimer and two catalytic (C) subunits (Diviani
and Scott, 2001). Four genes encoding the R subunits (RIa,
RIh, RIIa, RIIh) and three genes encoding the C subunits
(Ca, Ch, Cg) have been identified (Taylor et al., 1990).
The intracellular organization of PKA is controlled
through an association with A-kinase-anchoring proteins276 (2004) 253–267
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member of the AKAP family of proteins contains two
functional motifs: a conserved PKA-binding region and a
targeting region that directs the PKA–AKAP complex to
defined subcellular locations (Carr et al., 1991; Colledge
and Scott, 1999; Edwards and Scott, 2000). The PKA-
binding motif has a high affinity for the RII dimer, and
interacts directly with the RII N-termini (Carr et al., 1991).
One important aspect of AKAPs is their ability to interact
with multiple enzymes, integrate different signaling path-
ways, and regulate the phosphorylation of specific cellular
substrates simultaneously (Colledge and Scott, 1999). The
targets include elements of both the intranuclear and
cytoplasmic cytoskeleton such as actin, microtubules, and
the centrosome (Diviani and Scott, 2001).
Recent evidence has identified two AKAPs that target to
the centrosome: AKAP 350 (Schmidt et al., 1999; Takahashi
et al., 1999; Witczak et al., 1999) and pericentrin (Diviani et
al., 2000). AKAP 350 helps to integrate distinct signaling
pathways involving cAMP, Rho, fatty acids, and phospho-
lipids, while pericentrin helps to maintain centrosomal
architecture and microtubule nucleation during mitosis and
meiosis by providing a structural scaffold (Dictenberg et al.,
1998; Doxsey et al., 1994). Pericentrin interacts with g-
tubulin to regulate the nucleation of microtubules (Dicten-
berg et al., 1998), and associates with the cytoplasmic
dynein–dynactin motor complex to mediate the transport of
cargo along microtubules to the centrosome (Purohit et al.,
1999; Young et al., 2000). Microtubule-associated protein 2
(MAP2) and tau are two additional molecules that help
stabilize microtubules, regulate organelle transport within
axons and dendrites, and anchor signaling enzymes. While
they are considered to be AKAPs, this remains controversial
(Diviani and Scott, 2001; Sanchez et al., 2000).
The actin cytoskeleton, in turn, is regulated by the Rho
family of GTPases (Rho, Rac, and Cdc42), which control
the formation of actin stress fibers, lamellipodia, and
filopodia, respectively (Bishop and Hall, 2000). Selective
interaction of these small GTPases with specific PKA-
binding proteins leads to distinct actin-remodeling events.
Experimental studies identify gravin, an antigen for the
autoimmune disease myasthenia gravis (Nauert et al., 1997),
and WAVE1, a member of the Wiskott–Aldrich syndrome
protein (WASP) family of adaptor proteins (Westphal et al.,
2000), as AKAPs that target to actin. WASP family proteins
provide a molecular bridge that functionally couples
individual Rho GTPases to the Arp2/3 complex, a group
of seven related proteins that can nucleate actin polymer-
ization (Higgs and Pollard, 1999; Machesky and Gould,
1999). WAVE1 binds to both PKA and the Abl tyrosine
kinase (Westphal et al., 2000), and is sequestered inside the
nucleus in somatic cells. Although the function and nuclear
localization of WAVE1 are not entirely clear, one possibility
is that WAVE1 participates in actin remodeling and signal-
ing events inside the nucleus to help reorganize the nuclear
cytoskeletal architecture.To better understand the role AKAPs play during oocyte
maturation, fertilization, and early embryonic development,
we focus here on WAVE1 and test the hypothesis that its
nuclear localization is required. To elucidate a role for
WAVE1, we perturb normal development by exposing the
oocyte cytoplasm to anti-WAVE1 antibodies and chemical
disruptors of the actin and microtubule cytoskeleton. Our
results identify that the nuclear sequestration of WAVE1 is a
critical event during fertilization, with the consequences of
these perturbations being the partial relocalization of
WAVE1 to the centrosome and the inhibition of pronuclear
union and embryonic cleavage. WAVE1 might therefore
localize to the nucleus to isolate it from the centrosome and
prevent it from competing with other AKAPs like pericen-
trin, which could disrupt cytoplasmic dynein–dynactin
motor activity and alter cellular function.Materials and methods
Immature bovine oocytes
Germinal vesicle (GV) oocytes, obtained from BOMED,
Inc. (Madison, WI), were recovered from ovaries by
aspiration and placed in TC199 medium containing 3 mM
of 3-isobutyl-1-methylxanthine (IBMX) (Sigma) to inhibit
phosphodiesterases. GVoocytes were fixed and subjected to
immunocytochemistry as described below.
In vitro maturation and fertilization
Bovine in vitro maturation and fertilization were carried
out according to standard protocols (Sirard et al., 1988),
with bovine oocytes obtained from BOMED. Briefly,
immature bovine oocytes were recovered from ovaries by
aspiration and matured for 24 h in TC199 medium modified
with 10% fetal calf serum, 5 Ag/ml follicle stimulating
hormone, 1 Ag/ml estrogen, and 25 Ag/ml gentamycin at
398C in 5% CO2 under mineral oil.
Mature bovine oocytes, arrested in metaphase of second
meiosis, were then placed into drops of Tyrode’s Albumin-
Lactate-Pyruvate (TALP) culture medium under mineral oil.
Frozen bull semen (American Breeders Service) was thawed
to room temperature, layered over a two-part 45%, 90%
Percoll gradient, and centrifuged at 700  g for 15 min to
isolate live sperm. Bovine oocytes and sperm were
incubated at 398C under 5% CO2 until the desired stages
in development. To examine the effects of microtubule and
microfilament disruption and stabilization on WAVE1
localization before pronuclear formation, some oocytes
and sperm were incubated until 8 h post-insemination, at
which time the zygotes were transferred into drops of TALP
medium containing 20 AM Nocodazole, 2 AM Taxol, 10 AM
Cytochalasin D, and 100 nM Jasplakinolide (Sigma-
Aldrich; Navara et al., 1994; Terada et al., 2000). The
zygotes were then cultured in the presence of the drugs until
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distribution of WAVE1. Also, distances between the male
and female pronuclei were scored for inhibition of
pronuclear union. Measured from edge-to-edge, inter-
pronuclear distances z10 Am, the average diameter of a
pronucleus, indicate disrupted pronuclear migration (Payne
et al., 2003).
Immunocytochemistry and confocal microscopy
Cumulus cells and zona pellucidae were removed from
oocytes, zygotes, and embryos by short incubations with 1
mg/ml hyaluronidase and 2 mg/ml pronase, respectively.
Zona-free oocytes, zygotes, and embryos were then gently
pipetted onto poly-l-lysine-coated coverslips in Ca2+-free
TALP medium, fixed for 40 min in 2% formaldehyde, and
permeabilized in 10 mM PBS + 0.1% Triton X-100 for an
additional 40 min.
After fixation and permeabilization, samples were
blocked for 1 h in 10 mM PBS +0.3% BSA +1% fetal
calf serum before incubation with primary and secondary
antibodies. Primary antibodies were applied for 10 h in a
humidified chamber, and then samples were rinsed 4  10
min following the addition of primary and secondary
antibodies. AlexaFluor 488- and 594-conjugated secondary
antibodies were applied to the samples for 1 h, and DNA
was labeled with 10 Ag/ml TOTO-3 (Molecular Probes).
Coverslips were mounted onto glass slides in VectaShield
anti-fade medium (Vector Laboratories) to retard photo-
bleaching. Oocytes, zygotes, and embryos were imaged
using a Leica TCS SP2 spectral confocal microscope, with
laser lines at 488-, 568-, 594-, and 633-nm wavelengths.
Antibodies and antibody transfection
Affinity-purified goat polyclonal anti-WAVE1 antibod-
ies, raised against a peptide mapping near the carboxy
terminus and against an internal region of WAVE1 (human
origin), were used for immunocytochemistry and antibody
transfection (Santa Cruz Biotechnology, Inc., Santa Cruz,
CA). Goat polyclonal anti-PKA antibodies, raised against
recombinant murine a and h regulatory subunit II (RII),
were obtained from Upstate Biotechnology, Inc. When anti-
WAVE1 and anti-PKA RII antibodies were used simulta-
neously, a mouse monoclonal anti-SCAR-1/WAVE1 anti-
body was used (BD Transduction Labs.). Abl was identified
using purified 8E9 monoclonal antibody (BD Transduction
Labs). Anti-p21-Arc antibodies (BD Transduction Labs)
were used to identify actin-related protein complex 2/3 (Arp
2/3 complex).
MAb414 monoclonal antibody (1:250; Covance/Babco)
was used to label the nuclear pore complex. Affinity-purified
sheep polyclonal anti-tubulin antibody was obtained from
Cytoskeleton, Inc. (Denver, CO). Actin filaments were
visualized using 568-phalloidin from Molecular Probes.
Primary antibodies were detected with AlexaFluor 488-and 594-conjugated secondary antibodies (1:200 each;
Molecular Probes). Mouse monoclonal anti-pericentrin anti-
body (1:100) was obtained from BD Transduction Labs.
Rabbit anti-g tubulin and anti-dynactin p150Glued antibodies
were purchased from Cytoskeleton and Santa Cruz, respec-
tively. Control experiments were performed using preim-
mune mouse IgG antibodies at 1:20 (Chemicon).
Preincubations of antibodies for 1 h with their corresponding
antigens were performed as additional controls.
For transfection experiments, antibodies were dialyzed
overnight using Slide-A-Lyzer cassettes (Pierce) in multiple
changes of 10 mM PBS to remove sodium azide from the
storage buffer. Transfection of zygotes at 8 h postinsemi-
nation was achieved using the Chariotk reagent according
to the manufacturer’s recommendations (Active Motif) and
Payne et al. (2003). Briefly, for the WAVE1 and Abl
transfection into 20 zygotes, we prepared a 20-Al volume
mix containing a 1:10 dilution of Chariotk reagent and 1:5
dilution of WAVE1 antibody or 1:2 of preimmune IgG
antibody. Chariotk reagent alone was also used as a
control. Following this Chariotk reagent–antibody binding
step, each 20-Al volume was added to one well of a 96-well
plate containing 20 zygotes, free of cumulus cells and zona
pellucidae, in 80 Al of serum-free TALP medium. The
samples were incubated at 398C for 1 h, after which an
additional 100 Al of serum-containing TALP medium was
added to the well; samples were cultured and fixed for
immunocytochemistry at 18 or 36 h postinsemination.
Immunoprecipitation, SDS-PAGE, and Western blotting
Immunoprecipitations (IP) of WAVE1 were performed
using Protein A Sepharose 4 Fast Flow medium (AP
Biotech). Mature bovine oocytes were either lysed imme-
diately or fertilized in vitro and cultured until 18 h
postinsemination, at which time they were lysed and
prepared for antibody incubations. The lysis buffer consists
of 50 mM Triethanolamine (TEA), 500 mM NaCl, 0.5%
Triton X-100, 1 mM DTT, 1 mM PMSF, and 1:1000
dilution of CLAP protease inhibitors (10 mg/ml each of
chymostatin, leupeptin, antipain, and pepstatin A). Lysates
were centrifuged at 12,000  g for 10 min at 48C, and
protein concentrations were determined using the Bradford
assay. Equal amounts of protein were used to load each lane
in the gels.
Lysates were incubated with 3 Ag of anti-WAVE1 or
preimmune mouse IgG antibodies for 1 h at 48C. Protein A
Sepharose 4 Fast Flow medium was then added to the
samples for overnight incubation at 48C. Following cen-
trifugation, the supernatants were removed from the pellets,
and concentrated through a centrifugal filter device (Milli-
pore) to reduce the volume. The pellets were washed,
resuspended in Laemmli buffer, and heated to 1008C for 5
min. Brief centrifugation of the pellets separated out the
protein from the beads. Whole zygote and oocyte lysates, IP
supernatants, IP pellets, and beads alone were carefully
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PAGE and Western blotting onto PVDF membranes.
Protein bands were visualized using the ECL Plus
system and HyperFilm (AP Biotech), and referenced to
Kaleidoscope prestained standards (Bio-Rad). The Silver
Stain Plus system from Bio-Rad was used to verify protein
samples isolated from immunoprecipitations. Western blots
were probed with PKA RII, then stripped and reprobed
with anti-p21 Arc. Blots were stripped each time with 100
mM h-mercaptoethanol, 2% SDS, 62.5 mM Tris–HCl pH
6.7 for 30 min at 508C, followed by multiple washes,
incubations with secondary antibodies, and detection withFig. 1. WAVE1 distribution during meiotic maturation, fertilization, and early emb
cortex and distributes throughout the ooplasm as fragments surrounding the n
cytoplasmic foci. At this stage, oocytes show reduced staining of WAVE1 at the cor
(C) In Met-II-arrested oocytes, WAVE1 localizes to a region at the cortex near the
the surface. (D) At 8 h postinsemination (8 HPI), WAVE1 distributes to the develo
the mitochondrial sheath of bull sperm. (E) At 13 HPI, WAVE1 relocalizes inside
the fully developed and apposed pronuclei. (G) In two-cell embryos, WAVE1 lo
envelope breakdown (NEBD), WAVE1 relocalizes in the cytoplasm of each blasto
the inset. (I) In three-cell embryos, WAVE1 localizes inside the interphase nuclei
undergone NEBD. Note the condensed chromosomes of the top blastomere shown
the bottom blastomere. DNA is shown in insets D–I. Scale bar for A–F is shownECL reagents to verify that primary antibodies had been
removed.
Microinjection of WGA
To further investigate the disruption of the nucleocyto-
plasmic transport by the lectin wheat germ agglutinin
(WGA), which specifically recognizes the O-linked sugar
moiety for nucleoporins (Finlay et al., 1987), we injected
Met II oocytes before fertilization. Oocytes were isolated
and matured as described above. Injections were performed
at 358C in 100 Al drops of TL–Hepes medium with 5.5 Ag/ryo development. (A) At the GV stage, WAVE1 (green) concentrates at the
ucleus. (B) During anaphase I of meiosis, WAVE1 appears as punctate
tex. Inset and arrowhead show a concentration of WAVE1 in the polar body.
metaphase plate (arrowhead), and is significantly reduced elsewhere along
ping male and female pronuclei. Arrowhead shows a WAVE1 signal along
both male and female pronuclei. (F) At 18 HPI, WAVE1 concentrates inside
calizes inside the interphase nuclei of each blastomere. (H) After nuclear
mere, with the condensed chromosomes of the bottom blastomere shown in
of some blastomeres, but is dispersed in the cytoplasm of others that have
in the inset, and the concentration of WAVE1 along the cleavage furrow in
in F (10 Am) and for G–I in I (10 Am).
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oil. After cumulus cell removal, the oocytes were immobi-
lized with the polar body in the 12 o’clock position, the
injection needle was inserted through the zona pellucida into
the cytoplasm, and approximately 20 pl of FITC-WGA
(Sigma) was injected into each of them. Injected oocytes
were fertilized and processed for immunofluorescence as
described above.
Statistical analysis
In each figure, representative fluorescence images are
shown for oocytes, zygotes, and embryos. Each experiment
was repeated at least twice. Pilot experiments designed to
standardize the concentrations of antibodies are not included
in the calculations. The significance of the differencesFig. 2. WGA microinjection does not significantly alter WAVE1 localization. (A) A
majority of zygotes show impaired formation of pronuclei at 18 h postinsemina
pronuclei in association with both pronuclear envelopes. (AV) In the FITC-WGA-in
cytoplasmic foci. (B) In sham-injected oocytes, nuclear pore complexes (NPC) dis
cytoplasm as punctate foci. (BV) WAVE1 concentrates inside both pronuclei of sham
NS: no significant difference. Scale bar represents 10 Am.induced by the individual treatments was assessed using the
chi-square (v2) test. A P value of b0.01 was considered
statistically significant.Results
WAVE1 redistributes from the cell cortex and cytoplasm in
immature oocytes to the nuclei in fertilized zygotes and early
embryos
To determine whether WAVE1 localizes to the nuclei
during mammalian fertilization, we examined WAVE1
distribution in germinal vesicle (GV) and metaphase II-
arrested (Met II) oocytes, pronucleate zygotes, and two- and
three-cell embryos. At the GV stage, the majority of oocytesfter microinjection of FITC-WGA into Met II oocytes followed by IVF, the
tion. WGA can be seen throughout the cytoplasm and surrounding both
jected oocytes, WAVE1 concentrates inside both pronuclei, with additional
tribute around the nuclear envelope of each pronucleus and throughout the
-injected oocytes subjected to IVF. In A and B, DNA is shown in the insets.
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cortex and a distribution of cytoplasmic structures that
resemble fragments surrounding the germinal vesicle (Fig.
1A). During and following the first meiotic division, 96%
(367/379) of oocytes show punctate foci of WAVE1
dispersed throughout the cytoplasm and a weak distribution
at the cortex (Figs. 1B, C). Interestingly, 79% of the oocytes
(300/379) display WAVE1 either inside the polar body (Fig.
1B, inset and arrowhead) or at the cortex near the metaphase
plate (Fig. 1C, arrowhead). In these oocytes, WAVE1Fig. 3. Microtubule stabilization during fertilization affects WAVE1 distribution
concentration of WAVE1 (green) around and within the pronuclei. The second po
actin is seen in red. (B) Actin stabilization by Jasplakinolide alters neither WAVE1
1). Filamentous actin (red) is seen throughout the cytoplasm and WAVE1 (green
normal distribution of actin (red) in the cytoplasm and WAVE1 (green) inside
diminish the concentration of WAVE1 (green) inside the pronuclei, although inter-p
Microtubule stabilization by Taxol redistributes WAVE1 (green) in the cytoplasm,
Am are found in the majority of zygotes (see Table 1), and a clear signal of WAVE1
shows the normal distribution of microtubules (red) in the cytoplasm and WAVE1 (
associates with the AKAP pericentrin (red) at the centrosome (arrowhead). (H) Co
tubulin (red; arrowhead) (I) No codistribution can be detected, however, betwee
(arrowhead). DNA is represented in insets in panels A–F. Scale bar represents 10concentration at the cortex is not observed anywhere other
than the region in proximity with the meiotic spindle, which
is the site of polar body extrusion.
During fertilization, WAVE1 distributes as punctate foci
within the cytoplasm and interacts with the developing male
and female pronuclei as early as 8 h postinsemination (Fig.
1D). WAVE1 localizes to bull sperm inside the oocyte,
distributing along the mitochondrial sheath (Fig. 1D,
arrowhead). At 13 h postinsemination, the majority of
WAVE1 concentrates inside both male and female pronu-. (A) Actin depolymerization by Cytochalasin D does not diminish the
lar body (PB) is also enriched with WAVE1, but it is not extruded. Cortical
distribution nor inter-pronuclear distances compared to controls (see Table
) concentrates inside both pronuclei. (C) Control-treated zygote shows the
the pronuclei. (D) Microtubule depolymerization by Nocodazole does not
ronuclear distances are z10 Am in the majority of zygotes (see Table 1). (E)
with no pronuclear localization detected. Inter-pronuclear distances of z10
is detected at the centrosome region (arrowhead). (F) Control-treated zygote
green) inside the pronuclei. (G) Following Taxol treatment, WAVE1 (green)
localization is detected between WAVE1 (green) and centrosome protein g-
n WAVE1 (green) and dynactin subunit p150Glued (red) at the centrosome
Am.
Table 1
Cytoskeleton disruption and WAVE1 distribution
Microfilaments disruption Microtubules disruption
Control +Cytochalasin D +Jasplakinolide Control +Nocodazole +Taxol
WAVE1 staining pattern inside the pronuclei
Both male and females 74% (37/50) 60% (30/50) 66% (33/50) 70% (35/50) 62% (31/50) 14% (7/50)
None of them 24% (12/50) 32% (16/50) 30% (15/50) 24% (12/50) 26% (13/50) 70% (35/50
One of them 2% (1/50) 8% (4/50) 4% (2/50) 6% (3/50) 12% (6/50) 16% (8/50)
Distance between pronuclei
z10 Am 4% (2/50) 8% (4/50) 10% (5/50) 0% (0/50) 96% (48/50) 92% (46/50
V10 Am 96% (48/50) 92% (46/50) 90% (45/50) 100% (50/50) 4% (2/50) 8% (4/50)
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pronuclear apposition at 18 h postinsemination, WAVE1
remains localized inside fully developed pronuclei in the
majority of zygotes (73%, 420/574; Fig. 1F). Following the
first embryonic cleavage, WAVE1 continues to concentrate
inside the interphase nuclei of each blastomere in the
majority of embryos (67%, 68/102; Fig. 1G). Upon nuclear
envelope breakdown (NEBD) and chromosome condensa-
tion in the blastomeres of two-cell embryos, WAVE1
redistributes to the cytoplasm (Fig. 1H). In three-cell
embryos, WAVE1 concentrates inside the nuclei of someFig. 4. Increasing taxol concentrations dramatically alters WAVE1 distribution. (A) Following treatment with 0.1 AM Taxol, WAVE1 distributes inside the
apposed male and female pronuclei. (B) After treatment with 5 AM Taxol, WAVE1 is seen near the sperm aster and is no longer inside the two pronuclei. Note
that with this Taxol concentration, the pronuclei are not apposed. (C, D) Massive tubulin polymerization occurs within the zygotes following treatment with 10
and 20 AM Taxol. In these cases, strikingly abnormal localizations of WAVE1 with tubulin can be observed throughout the zygote cytoplasm.)
)blastomeres, while distributing throughout the cytoplasm in
others that contain condensed chromosomes (Fig. 1I).
WAVE1 is also detected at the cleavage furrow between
some of the blastomeres.
WAVE1 localization to pronuclei does not depend on
functional nuclear pore complexes
According to the immunofluorescence data, WAVE1
interacts with both the nascent female pronucleus and the
decondensing sperm nucleus as early as 8 h postinsemina-
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nuclear pore complexes to enter into the pronuclei, we
blocked nuclear pore complex assembly and insertion into
nuclear membranes by microinjecting wheat germ aggluti-
nin (WGA) into Met II oocytes. WGA has previously been
shown to inhibit protein transport though nuclear pores by
steric binding to the nucleoporin p62 (Finlay et al., 1987),
and to prevent normal pronuclear formation and develop-
ment (Sutovsky et al., 1998). Following WGA micro-
injection and in vitro fertilization, the majority of injected
oocytes (65%; 13/20) contain WAVE1 inside both male and
female pronuclei (Figs. 2A and AV). This event is not
statistically different from sham injection of oocytes (62%;
18/29, P = 0.09). While the WGA-injected oocytes show
impaired pronuclear formation (Fig. 2A), WAVE1 still
concentrates inside both pronuclei (Fig. 2AV). Nuclear pore
complexes distribute within the nuclear envelope of each
pronucleus in the sham-injected oocytes, as well as
throughout the cytoplasm as punctate foci (Fig. 2B).
WAVE1 localization to the pronuclei, therefore, appears to
be an early event during fertilization, preceding nuclear
envelope formation and not requiring transport through
nuclear pores.
Microtubule stabilization redistributes WAVE1 to the
cytoplasm near the centrosome
We next examined whether WAVE1 localization is
affected when microtubules and microfilaments are
perturbed during fertilization. To test whether microfila-
ment depolymerization or stabilization redistributes
WAVE1 from the pronuclei, we administered Cytochalasin
D and Jasplakinolide to zygotes at the approximate time
that WAVE1 relocates into each pronucleus (8 h post-
insemination). When actin is depolymerized with Cyto-
chalasin D (Figs. 3A, C), the distribution of WAVE1 is
not significantly altered (60% vs. 74% in controls, P =
0.02, Table 1). Similarly, when actin is stabilized with
Jasplakinolide, the localization of WAVE1 does not differ
from controls (Figs. 3B, C) (66% vs. 74%, P = 0.19,
Table 1).
To test whether microtubule depolymerization affects
WAVE1 distribution, Nocodazole was administered to the
zygotes. Following this treatment, WAVE1 association with
the male and female pronuclei does not seem to be
significantly altered compared to controls (62% vs. 70%,
respectively; P = 0.21; Figs. 3D, F, Table 1). In contrast,Fig. 5. WAVE1 colocalizes with PKA RII, p21 Arc, and p150Glued Dynactin at
codistribute with PKA RII (red) in Met-II-arrested oocytes. (B) At 18 h postin
pronuclei, and PKA RII (red) enriched around the surface of the pronuclei and distr
RII is detected in yellow. (C) WAVE1 (green) codistributes with Arp 2/3 prote
concentrates at the cortex near the metaphase plate (arrowhead). (D) During pronuc
while p21 Arc (red) surrounds the apposed pronuclei as punctate foci. (E) In Met
(red). (F) Interestingly, in 2PN zygotes, Abl redistributes inside both pronuclei, in a
WAVE1 is limited to specific regions (arrowheads). (G) Met II oocytes show a co
(H) In 2PN zygotes, WAVE1 (green) is observed inside both pronuclei, while dyn
shown in all insets. Scale bar for Met II oocytes (A, C, E, and G) is representedmicrotubule stabilization by adding 2 AM Taxol causes a
significant redistribution of WAVE1 (Figs. 3E, F; 14% vs.
70% in controls; P b 0.0001, Table 1).
Interestingly, WAVE1 distributes to the centrosome
region in zygotes treated with Taxol (Fig. 3E, arrowhead).
On the basis of this observation, we investigated the
association of WAVE1 with pericentrin, an AKAP that
localizes to the centrosome (Diviani et al., 2000), g-tubulin,
and dynactin, the co-factor of cytoplasmic dynein. Fig. 3G
shows the lack of sequestration of WAVE1 inside the
pronuclei following Taxol treatment, and the colocalization
with pericentrin in the cytoplasm (60%; 30/50, arrowhead).
When the association of WAVE1 and g-tubulin (known to
associate with pericentrin) was explored after Taxol treat-
ment, the majority of the zygotes (65%; 32/50) show an
interaction between them (arrowhead, Fig. 3H). In contrast,
none of the zygotes show WAVE1 interacting with dynactin
(Fig. 3I). When surface-to-surface internuclear distances of
the two pronuclei are measured, the disruption of micro-
tubules (both depolymerization and stabilization) inhibits
pronuclear apposition with statistical significance when
compared to controls (P b 0.0001, Table 1). In contrast,
microfilament disruption does not inhibit pronuclei apposi-
tion (P = 0.14 and P = 0.028 for Cyto D and Jas,
respectively, Table 1).
To demonstrate that WAVE1 relocalization is specific
and not an artifact following 2 AM Taxol treatment, we have
performed a dose–response curve using different concen-
trations of Taxol: 0.1, 5, 10, and 20 AM (Fig. 4).
Pronucleate zygotes were treated with different concen-
trations of Taxol, fixed, and processed for immunocyto-
chemistry using anti-tubulin and anti-WAVE1 antibodies.
The distribution of WAVE1 following Taxol treatment is
then observed.
Our data show normal distribution of WAVE1 in the
apposed male and female pronuclei following treatment
with 0.1 AM Taxol, suggesting that the protein is not
significantly altered with such a low Taxol concentration
(Fig. 4A). After treatment with 5 AM Taxol (Fig. 4B),
WAVE1 is seen near the sperm aster and no longer inside the
two pronuclei. Also note that with this Taxol concentration,
the pronuclei are not apposed. Our data do indeed show
massive tubulin polymerization within the zygotes follow-
ing treatment with 10 and 20 AM Taxol (Figs. 4C, D). In
these cases, strikingly abnormal localizations of WAVE1
with tubulin can be observed throughout the zygote
cytoplasm. Thus, only after very high Taxol concentrationsdifferent stages of development. (A) Cytoplasmic foci of WAVE1 (green
semination, 2PN zygotes show WAVE1 (green) concentrated inside both
ibuted throughout the cytoplasm. Colocalization between WAVE1 and PKA
in p21 Arc (red) throughout the cytoplasm in Met II oocytes, but alone
lear apposition in 2PN zygotes, WAVE1 (green) localizes in both pronuclei
II oocytes, no colocalization is detected between WAVE1 (green) and Ab
reas where the chromatin is not tightly condensed. Some colocalization with
distribution between WAVE1 (green) and dynactin subunit p150Glued (red)
actin (red) surrounds both pronuclear envelopes in the cytoplasm. DNA is




Fig. 6. WAVE1 coimmunoprecipitates PKA RII and p21 Arc. (A) A strong
band of approximately 51 kDa, corresponding to PKA RII, is detected in
the WAVE1 IP pellets and supernatants. This band is also detected in the
whole lysates, but not in the beads-only samples. (B) A band of
approximately 21 kDa, corresponding with p21 Arc, is detected in the
WAVE1 IP pellets and supernatants, as well as the whole lysates isolated
from oocytes. In contrast, p21 Arc is detected in the WAVE1 IP
supernatants, but not the pellets, isolated from zygotes. Whole lysates of
bovine aortic endothelial (BAE) cells are used as controls.
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with polymerized tubulin.
WAVE1 interacts with PKA RII in both Met II oocytes and
pronucleate zygotes
Based on previous results that demonstrate an interaction
between WAVE1 and ARPs in Swiss 3T3 and HEK 293
cells (Westphal et al., 2000), we examine the distribution of
PKA RII, Abl, and p21 Arc (a component of the Arp2/3
complex) in Met II oocytes and pronucleate zygotes. A
majority of Met II oocytes (89%, 90/101) shows a
colocalization of WAVE1 and PKA RII dispersed through-
out the cytoplasm as punctate foci (Fig. 5A). While punctate
WAVE1 distributes at the cortex, no PKA RII can be
detected at this location. At 18 h postinsemination, the
majority of zygotes (69%, 29/42) show a codistribution of
WAVE1 and PKA RII inside the pronuclei, and in areas
close to the nuclear envelope (Fig. 5B). Weakly stained foci
are also detected in the cytoplasm.
To explore a possible association between WAVE1 and
Arp 2/3, we used an antibody that identifies p21 Arc, a
component of the Arp 2/3 complex (Sasaki et al., 2000;
Volkmann et al., 2001). A majority of Met II oocytes (72%,
36/50) shows a striking colocalization of WAVE1 and p21
Arc throughout the cytoplasm, except in an area at the
cortex in proximity with the metaphase plate (Fig. 5C,
arrowheads). When pronucleate zygotes are immunostained
for both WAVE1 and p21 Arc, the AKAP and the Arp 2/3
complex distribute as distinct foci in the majority of zygotes
(88%, 88/100; Fig. 5D). While WAVE1 is seen inside both
pronuclei, p21 Arc remains in the cytoplasm, with bright
punctate foci surrounding the apposed pronuclei.
Another protein that binds to WAVE1 is Abl. Previous
studies demonstrated an interaction between WAVE1 and
Abl following addition of platelet-derived growth factor,
which promotes the formation of lamellipodia and bring
structuresQ at internal sites of actin reorganization in Swiss
3T3 fibroblasts (Westphal et al., 2000). Here, the majority of
Met II oocytes do not show colocalization between WAVE1
and Abl (63%, 25/40; Fig. 5E). Interestingly, following
insemination and pronuclear formation, Abl redistributes to
areas within both pronuclei where chromatin is weakly
condensed (75%, 40/53; Fig. 5F), and colocalizes with
WAVE1 in specific regions (arrowheads, Fig. 5F).
Based on the previous observations showing that Taxol
treatment affects WAVE1 distribution, we examined the
localization of the dynein motor cofactor dynactin in Met
II oocytes and pronucleate zygotes (Figs. 5G, H). A
majority of Met II oocytes (71%, 35/49) shows colocal-
ization of WAVE1 and p150Glued dynactin throughout the
cytoplasm (Fig. 5G). When pronucleate zygotes are studied
for both WAVE1 and dynactin (Fig. 5H), most of them
(66%, 31/47) show the two proteins distributing inside
both pronuclei and surrounding the pronuclei, respectively
(Payne et al., 2003).We next explored whether physical interactions exist
between WAVE1 and PKA RII, or between WAVE1 and p21
Arc. In both Met II oocytes and pronucleate zygotes,
WAVE1 was immunoprecipitated and antibodies raised
against either PKA RII or p21 Arc were used to probe the
WAVE1 immunoprecipitates (IP). A strong band corre-
sponding to PKA RII, with a molecular mass of approx-
imately 51 kDa, is detected in both pellets and supernatants
of the oocyte and zygote WAVE1 IP (Fig. 6A). Because
PKA RII is detected in the supernatants of the WAVE1 IP,
not all of the PKA RII protein is associating with WAVE1
during Met II arrest and pronuclear apposition, supporting
the immunofluorescence data. Note that some bands appear
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degradation products.
When anti-p21 Arc antibodies are used to probe the
WAVE1 IP, a band with a molecular mass of 21 kDa is
detected in both pellets and supernatants of the oocyte IP
(Fig. 6B). This band is also observed in the supernatant of
the zygote IP, but not in the pellets. The presence of a band
in the supernatant of the zygote IP suggests that a pool of
p21 Arc exists in the zygote, but does not interact with
WAVE1. These data confirm the results in Fig. 5.
WAVE1 but not Abl is required for pronuclear apposition
and the first mitotic cell division
To determine whether nuclear-localized WAVE1 is
necessary during fertilization and early embryonic develop-
ment, we transfected newly fertilized oocytes with anti-
WAVE1 antibodies using the Chariotk reagent system
(Morris et al., 2001; Payne et al., 2003) (Fig. 7A).
Introduction of antibodies into the zygotes occurred as soon
as WAVE1 began interacting with both developing pronu-
clei, beginning at 8 h postinsemination. Zygotes were thenFig. 7. WAVE1 but not Abl is required for pronuclear apposition and embryo d
redistribution of WAVE1 (green) in the cytoplasm, largely absent from inside
zygotes. (B) At 36 h postinsemination, zygotes transfected with anti-WAVE1 an
zygotes showing a separation of z10 Am between pronuclei. (C) Zygotes trans
inside both pronuclei and the redistribution of Abl (red) primarily in the cytoplas
anti-Abl antibodies cleave into daughter blastomeres, showing WAVE1, but not
represents 10 Am.allowed to develop until pronuclei apposition (18 h post-
insemination) or the 2-cell stage (36 h postinsemination).
Only 11% (4/36) of the zygotes transfected with anti-
WAVE1 antibodies show the protein inside the pronuclei
(Table 2). This compares with 75% of zygotes transfected
with preimmune IgG and 73% of zygotes transfected with
Chariotk alone (P b 0.0001, Table 2). Fig. 6A shows faint,
diffuse staining of WAVE1 inside each pronucleus, while
Abl is observed in the majority of zygotes and is not
statistically different from controls (78% vs. 83% and 100%,
Table 2).
At 36 h postinsemination, anti-WAVE1 transfected
zygotes were fixed and analyzed (Fig. 7B). Interestingly,
following anti-WAVE1 transfection, no cleaved embryos
can be identified and all of the WAVE1 transfected zygotes
are arrested at the pronucleate stage (Fig. 7B; Table 2). At
18 h postinsemination, Abl is localized within both
pronuclei in most cases (78% vs. 71% and 83%, Table 2).
To test the effect of blocking Abl on embryo develop-
ment and on the distribution of WAVE1, we used Chariot
reagentk and processed for immunocytochemistry. At 18 h
postinsemination, the majority of Abl-transfected zygotesevelopment. (A) Zygotes transfected with anti-WAVE1 antibodies show a
the pronuclei. Inter-pronuclear distances are z10 Am in the majority of
tibodies have not cleaved into daughter blastomeres, with the majority of
fected with anti-Abl antibodies show the localization of WAVE1 (green)
m. (D) At 36 h postinsemination, the majority of zygotes transfected with
Abl, inside each nucleus. DNA is shown in the insets (A–D). Scale bar
Table 2
WAVE1 and Abl distribution after blocking with specific antibodies
Transfection of zygotes 8HPI Fixation of zygotes 18HPIa Fixation of embryos 18HPIa
WAVE1 Abl WAVE1 Abl
Chariot reagentk + WAVE1 11% (4/36) 78% (7/9) 0% (0/14) 78% (7/9)
Chariot reagentk + preimmune mouse IgG 75% (21/28) 83% (10/12) 69% (9/13) 71% (5/7)
Chariot reagentk alone 73% (11/15) 100% (11/11) 77% (7/9) 83% (5/6)
Chariot reagentk + Abl 87% (35/40) 12% (5/40) 75% (12/16) 13% (2/15)
Chariot reagentk + preimmune mouse IgG 84% (32/38) 89% (34/38) 85% (11/13) 83% (10/12)
Chariot reagentk alone 86% (30/35) 88% (31/35) 70% (7/10) 100% (9/9)
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Table 2). This result is in agreement with the effect on the
distribution of Abl seen after blocking with WAVE1,
suggesting that both proteins migrate toward the nuclei
independently. At 36 h postinsemination, cleavage has
occurred in the majority of embryos, with WAVE1 but not
Abl inside the nucleus of each blastomere (Fig. 7D; Table
2). In all cases, control IgG-transfected and Chariotk only-
transfected zygotes show normal cleavage and distribution
of WAVE1 and Abl inside the nucleus of each blastomere.Discussion
Previous studies have identified AKAPs associating with
a variety of cellular compartments, including the endoplas-
mic reticulum, nuclear membrane, plasma membrane,
centrosomes, mitochondria, and vesicles (see review by
Colledge and Scott, 1999). AKAPs have been characterized
in somatic cells during interphase and mitosis, but the role
of AKAPs and their association with PKA during meiosis
and fertilization are poorly understood. Meiotic arrest in
mammalian oocytes depends on key phosphorylation events
catalyzed by PKA (Bornslaeger et al., 1988), and the
modulation of intracellular concentrations of cAMP has
been implicated as a major mechanism that regulates PKA
action in oocytes (Dekel, 1988). Because WAVE1 associates
with different ARPs to mediate actin reorganization in
somatic cells (Westphal et al., 2000), we examined WAVE1
distribution in mammalian oocytes and tested the hypothesis
that its function is required during fertilization and early
embryo development. Our results suggest that while
WAVE1 association with ARPs and the actin cytoskeleton
in the cytoplasm may be an important regulator of meiotic
maturation, its nuclear localization during fertilization is
actin-independent and relies on dynamic microtubules for
proper distribution and subsequent function.WAVE1 exhibits distinct spatial and temporal
distribution during oocyte maturation and fertilization
During bovine oocyte maturation, WAVE1 localizes
around the GV. The same pattern has been observed forPKA RII (data not shown). Upon resumption of meiosis,
MII oocytes show WAVE1 and PKA RII codistributing
throughout the ooplasm. These results confirm and extend
the findings of Kovo et al. (2002), which demonstrate the
presence of the RIIa subunit in rat oocytes and the changes
in phosphorylation during meiotic progression. Assembly of
the WAVE1 signaling complex in Swiss 3T3 cells depends
on extracellular stimuli (Westphal et al., 2000). Activation
of Rac by platelet-derived growth factor results in a rapid
redistribution of WAVE1, PKA, and Abl to lamellipodia and
actin ring structures at the periphery of the cell. In our
studies, fertilization and subsequent activation of oocytes
induces the relocalization of WAVE1.
In Met II oocytes, WAVE1 distributes throughout the
ooplasm and associates with PKA RII and Arp 2/3. Then, as
early as 8 h postinsemination, WAVE1 begins to interact
with both developing pronuclei. WAVE1 concentrates inside
both pronuclei when they are fully apposed. At this time, the
relocation of WAVE1 is followed by a complete reorganiza-
tion of PKA RII and Abl inside the pronuclei and Arp 2/3
around the pronuclei. Recently, another AKAP was reported
to associate with the pronuclei during mouse fertilization
(Bomar et al., 2002). AKAP95 is translated from a maternal
pool of mRNA upon oocyte activation, assembles in the
female pronucleus, and associates with maternal chromatin
at mitosis. Interestingly, Bomar et al. suggest that AKAP95
interacts with the nuclear matrix protein NuMA in
interphase HeLa nuclei, and argue that NuMA may
constitute a possible AKAP95 substrate within the female
pronucleus.
During mammalian fertilization, the assembly of nuclear
envelopes (NE) occurs around two distinct entities: maternal
chromosomes and paternal chromosomes. Membrane
vesicles surrounding the naked chromatin fuse to form a
continuous NE, accompanied by the assembly and insertion
of nuclear pore complexes and the organization of the
nuclear lamina (Sutovsky et al., 1998). The insertion of
nuclear pore complexes into the NE occurs early in
development, and is essential for successful fertilization in
mammals including humans (Rawe et al., 2003; Sutovsky et
al., 1998). Surprisingly, microinjection of FITC-WGA into
oocytes does not inhibit the redistribution of WAVE1 into
the forming pronuclei. While it could be argued that the
amount of WGA microinjected into the oocytes may have
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Dabauvalle et al. (1988) showed that a final concentration
of 0.15–0.3 mg/ml WGA completely inhibits the transport
of nucleoplasmin into the nucleus when coinjected into the
cytoplasm of Xenopus oocytes. Rutherford et al. (1997) also
found that microinjection of 3 mg/ml WGA (giving an
estimated cellular concentration of 0.3 mg/ml) is sufficient
to inhibit the transport of nucleoplasmin into the nucleus of
cells. In this current study, we microinjected approximately
20 pl of FITC-WGA into each bovine oocyte, which has an
estimated total cytoplasmic volume of 200 pl. The initial
concentration of the microinjected WGA is 3 mg/ml, which
gives an estimated final cellular concentration of 0.3 mg/ml,
sufficient to block all nuclear transport through the nuclear
pores. We conclude that the formation of the NE occurs
right after or concomitantly with the incorporation of
WAVE1 into each pronucleus. Thus, conventional nuclear-
cytoplasmic trafficking does not appear to be required for
WAVE1 during fertilization.
The fact that WAVE1 is sequestered into the pronuclei
very early during fertilization has interesting implications.
Originally, APRs were discovered in the cytoplasm where
they play an important role in regulating the nucleation and
branching of actin filaments (Pollard et al., 2000). There is
growing evidence, however, that they can also be compo-
nents of nuclear complexes (see review by Shumaker et al.,
2003). One such ARP is Profilin, originally described as a
cytoplasmic G-actin-binding protein. Profilin interacts with
the central portion (proline-rich sequences) of each WASP
family member including WAVE1 (Miki et al., 1998;
Mullins, 2000). Our unpublished results and others (Skare
et al., 2003), suggest that antibodies directed against human
profilin I label both pronuclei in a speckle-like pattern
during fertilization. Skare et al. showed that profilin might
play a role in pre-mRNA processing because the label in the
nucleus showed extensive colocalization with the small
nuclear RNP (snRNP)-associated Sm proteins and with
Cajal bodies (Skare et al., 2003). Such molecular cross-talk
could provide a dynamic structural framework involved in
facilitating essential nuclear functions such as DNA
replication and transcription.Reorganization of WAVE1 during fertilization is
accompanied by redistribution of PKA RII and Abl
In interphase somatic cells, RII attaches to centrosomes
through an interaction with AKAP450, but then dissociates
and redistributes to chromatin-bound AKAP95 during
mitosis (Eide et al., 2002). Phosphorylation of RII at the
onset of mitosis reduces affinity for AKAP450 and increases
affinity for AKAP95, thus explaining the dynamic RII
localization pattern during the cell cycle (Keryer et al.,
1998; Landsverk et al., 2001). The essential role of nuclear
tyrosine kinases is supported by recent findings linking
these proteins with components of the cell cycle and withtranscriptional machinery. Several of these tyrosine kinases
localize to both nuclear and cytoplasmic compartments of
the cell, and may coordinate signal transduction events in
the cytoplasm with specific changes in the nucleus (see
review by Van Etten, 1999). Among these proteins is Abl.
Our finding that WAVE1 interacts with both PKA and Abl
in the forming pronuclei suggests a potential mechanism to
coordinate the phosphorylation of different epitopes. Per-
haps WAVE1 imposes a repressive chromatin structure or
acts as an anchoring protein for chromatin remodeling
complexes or transcriptional regulators.
Recently, Miki and Takenawa (2003) showed develop-
mental defects in flies carrying a mutated WAVE/Scar gene.
Interestingly, these flies have a more severe phenotype than
those with a mutant WASP gene (Zallen et al., 2002). The
phenotype is caused by a generalized defect in the
organization of the actin cytoskeleton during early develop-
ment. This phenotype is very similar to those of mutants for
the genes encoding subunits of the Arp2/3 complex
(Hudson and Cooley, 2002), suggesting that WAVE/Scar
plays an important role for activation of the Arp2/3 complex
during early development. In mammals, the generation of
WAVE1/ mice was recently reported (Soderling et al.,
2003). Knockout mice show sensor-motor retardation and
defects in learning and memory, which reflect the restricted
expression of WAVE1 in the brain. Although no defects
during embryonic development in the homozygous nulls are
observed, the authors are not able to study the fertility of
WAVE1/ mice because the mice die before 1 month of
age.
Here, the role of WAVE1, in relation to Abl tyrosine
kinase during fertilization and early embryo development,
was investigated by transfecting anti-WAVE1 and anti Abl
antibodies into pronucleate-stage bovine zygotes. The
majority of WAVE1-transfected zygotes show a decrease
in WAVE1, but not Abl, localization within the pronuclei,
and an inhibition of pronuclear apposition. Conversely,
after transfecting with anti-Abl antibodies, WAVE1 is seen
inside both pronuclei in the majority of zygotes and
subsequent embryonic cleavage occurs. According to these
results, Abl inhibition does not perturb WAVE1 trafficking
or cytokinesis.
Inhibition of pronuclear migration and embryonic cell
division by the introduction of anti-WAVE1 antibodies
might be explained by the association of the antibodies with
the C-terminal WCA (WASP homology, cofilin-binding,
acidic domain) region of WAVE1, which mediates its
interaction with the Arp 2/3 complex. Via these critical
interactions, the WASP/WAVE family imparts upon Arp2/3
the ability to nucleate actin branches (Marchand et al.,
2001). The disruption of this interaction might therefore
bring about a complete alteration of the actin cytoskeleton.
When bovine zygotes are treated with microfilament
disruptors, neither WAVE1 localization nor pronuclei
apposition is affected. In contrast, microtubule stabilization
significantly interferes in WAVE1 trafficking during fertil-
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or Taxol, pronuclear migration and apposition do not occur.
This is in agreement with our results showing a colocaliza-
tion between WAVE1 and dynactin in Met II oocytes,
suggesting that WAVE1 might be transported to the
decondensing sperm nucleus and the female-derived chro-
matin via cytoplasmic dynein on microtubules.
Recently, it has been shown that more than one AKAP
can be localized to the same cellular substrate, with the
example of pericentrin and AKAP350 both targeting PKA
to the centrosome (Colledge and Scott, 1999; Edwards and
Scott, 2000). This apparent redundancy in PKA anchoring
suggests the complexity of intracellular AKAP distribution.
The mislocalization of WAVE1 to the centrosome in
Nocodazole-treated zygotes has negative consequences,
and raises the possibility that it is competing with
pericentrin for PKA binding. This could explain the
alteration of the centrosome-mediated sperm aster and
inhibition of pronuclear motility.Conclusions
Nuclear localization of WAVE1 during fertilization is
required for successful pronuclear apposition, and its
inhibition results in a redistribution to the centrosome and
colocalization with pericentrin and gamma tubulin. Such
redistribution might alter normal centrosome function and
lead to microtubule defects that would inhibit pronuclear
migration. Proper compartmentalization of AKAPs appears
necessary for successful mammalian development.Acknowledgments
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